1. Introduction {#sec1-ijms-21-02409}
===============

Hepatocellular carcinoma (HCC) is recognized worldwide as a devastating malignancy since it constitutes the second-leading cause of cancer-related mortality, particularly in men \[[@B1-ijms-21-02409]\] and shows a remarkable resistance profile against systemic therapies \[[@B2-ijms-21-02409]\]. In contrast to the optimization of surgical and locoregional therapies driven by the improvement of surveillance of patients at risk, the only available systemic option for the last 10 years was restricted to sorafenib, which is a multi-kinase inhibitor with limited efficacy in patients with unresectable HCC \[[@B3-ijms-21-02409]\]. Recently, further medications have been approved as additional first-line or second-line treatments of HCC, yet they merely show just a non-inferiority as compared to sorafenib \[[@B2-ijms-21-02409]\]. Collectively, HCC is still broadly recognized as an aggressive and chemoresistant tumour with the efficacy of systemic HCC treatment remaining disappointingly low.

Sphingolipids are bioactive lipid molecules containing a sphingoid backbone attached to a fatty acid of variable chain length and composition, and they have gained remarkable attention in oncologic therapeutic approaches. The functional sphingolipid rheostat between ceramide and sphingosine 1-phosphate (S1P) has been well characterized in cancer therapy \[[@B4-ijms-21-02409]\], and sphingolipids are playing a central role in the pathophysiology of various tumors \[[@B5-ijms-21-02409]\]. Especially in hepatic homeostasis, several studies observed an implication of (dihydro-) ceramides and S1P as major regulators of hepatocellular susceptibility to various stimuli \[[@B6-ijms-21-02409],[@B7-ijms-21-02409]\] as well as of hepatocarcinogenesis both in vitro and in vivo \[[@B7-ijms-21-02409],[@B8-ijms-21-02409],[@B9-ijms-21-02409],[@B10-ijms-21-02409],[@B11-ijms-21-02409],[@B12-ijms-21-02409]\]. Furthermore, modification of the sphingolipid pathway by the inhibition of regulating enzymes has been shown to play a significant role in the pathogenesis of tumors \[[@B13-ijms-21-02409],[@B14-ijms-21-02409]\]. Particularly, previous observations have revealed an additive effect of the selective sphingosine kinase 2 (SPHK2) inhibitor ABC294640 together with sorafenib on cell toxicity and death in HCC cells in vitro and the increased suppression of tumor growth in murine HCC models \[[@B15-ijms-21-02409]\]. In the same context and with adequate oral bioavailability, the dual sphingosine kinase inhibitor SKI II has been shown to act synergistically to fluorouracil in suppressing the proliferation and viability of HCC in vitro \[[@B16-ijms-21-02409]\]. The exogenous addition of acid sphingomyelinase or ceramide has been shown to augment the anti-tumor efficacy of sorafenib \[[@B17-ijms-21-02409],[@B18-ijms-21-02409]\]. Further data showed an upregulation of ceramide-induced cell death upon the stimulation of tumor cells with sorafenib and vorinostat \[[@B19-ijms-21-02409],[@B20-ijms-21-02409]\] and a reversion of chemoresistance to sorafenib by the targeting of glucosylceramide synthase \[[@B21-ijms-21-02409]\]. In addition, ceramide synthases inhibitor fumonisin B1 (FB1) has been linked with a regulatory role in HCC pathophysiology \[[@B22-ijms-21-02409],[@B23-ijms-21-02409]\].

However, it remained largely unknown whether the antiproliferative effects of sorafenib imply an involvement of the sphingolipid pathway. Recently published studies from our group and by others revealed significant alterations of the serologic sphingolipid profile in patients with chronic liver disease and especially with HCC \[[@B24-ijms-21-02409],[@B25-ijms-21-02409],[@B26-ijms-21-02409]\] partially also predicting the effectiveness of sorafenib treatment \[[@B27-ijms-21-02409]\]. The significant upregulation of ceramides and dihydroceramides observed in the serum of HCC patients raises the question if responsiveness to anti-HCC treatment may be affected or even get ameliorated by alterations of these metabolic compounds.

Thus, the purpose of this study was to investigate whether stimulation with sorafenib, FB1, and SKI II affects the sphingolipid metabolism in a mechanistic way and whether modulation of the sphingolipid pathway is able to affect the proliferation and viability of in vitro models of HCC. The effects of the selective sphingosine kinase 1 (SPHK1) inhibitor SLP7111228 (SLP) and the selective SPHK2 inhibitor SLM6031434 (SLM) were therefore also investigated in this work (Figure 11). To the best of our knowledge, this is the first time the influence of sorafenib on sphingolipid formation was investigated in HCC cell lines in detail. In addition, the influence of sorafenib in combination with the specific sphingosine kinase (SPHK) inhibitors SLP and SLM was not investigated before.

2. Results {#sec2-ijms-21-02409}
==========

2.1. Effects of Sorafenib, FB1, and SPHK Inhibitors on Cell Proliferation {#sec2dot1-ijms-21-02409}
-------------------------------------------------------------------------

Since sorafenib is known to induce apoptosis in HCC, we investigated the influence of sorafenib and of FB1 and SPHK inhibitors on the proliferation of HepG2 and Huh7.5 cells. Therefore, we measured the incorporation of radioactively labeled thymidine after 24 h, 48 h, and 72 h of incubation. HepG2 and Huh7.5 cells were treated for 1 h with FB1, which is an inhibitor of ceramide synthases, before the addition of vehicle or 5 µM of sorafenib. Pretreatment with SPHK inhibitors was performed for 2 h before the addition of vehicle or sorafenib. As shown in [Figure 1](#ijms-21-02409-f001){ref-type="fig"}, the proliferation of HepG2 cells was significantly reduced by sorafenib after 48 h and 72 h of incubation. Furthermore, FB1 and the non-specific and non-selective SPHK inhibitor, SKI II, strongly reduced the proliferation of HepG2 cells at all time points. The inhibitory effects of FB1 and SKI II were much more pronounced than that of sorafenib ([Figure 1](#ijms-21-02409-f001){ref-type="fig"}). In contrast, the influence of the specific inhibitors of SPHK1 and SPHK2, SLP and SLM, was only minor. Treatment of HepG2 cells with SLP or SLM caused a significant reduction of cell proliferation solely after 48 h of incubation ([Figure 1](#ijms-21-02409-f001){ref-type="fig"}). Furthermore, it was investigated whether the effect of sorafenib could be enhanced by simultaneous treatment with FB1 or SPHK inhibitors. As shown in [Figure 1](#ijms-21-02409-f001){ref-type="fig"}, there is no difference between stimulation with SKI II or FB1 alone or in combination with sorafenib. In contrast, neither SLP nor SLM had an influence on sorafenib-induced reduction of HepG2 cell growth ([Figure 1](#ijms-21-02409-f001){ref-type="fig"}).

In contrast to HepG2 cells, the proliferation of Huh7.5 cells was not significantly reduced by sorafenib ([Figure 2](#ijms-21-02409-f002){ref-type="fig"}). In contrast to HepG2 cells, SKI II and FB1 inhibited Huh7.5 cell proliferation after 72 h of incubation ([Figure 2](#ijms-21-02409-f002){ref-type="fig"}). SKI-II together with sorafenib reduced cell proliferation as strongly as SKI-II alone ([Figure 2](#ijms-21-02409-f002){ref-type="fig"}). The specific SPHK1 and SPHK2 inhibitors, SLP and SLM, had no effect on Huh7.5 cell proliferation, neither alone nor in combination with sorafenib ([Figure 2](#ijms-21-02409-f002){ref-type="fig"}).

2.2. Influence of Sorafenib, FB1, and SKI II on Apoptosis and Necrosis {#sec2dot2-ijms-21-02409}
----------------------------------------------------------------------

As shown in [Figure 1](#ijms-21-02409-f001){ref-type="fig"}, FB1 and SKI II induced a reduction in the proliferation of HepG2 cells. Furthermore, stimulation with SKI II also led to a reduction in the proliferation of Huh7.5 cells ([Figure 2](#ijms-21-02409-f002){ref-type="fig"}). A DNA fragmentation ELISA was used in order to distinguish whether stimulation of the cells with the distinct compounds leads to increased apoptosis or necrosis.

As shown in [Figure 3](#ijms-21-02409-f003){ref-type="fig"}A,C, sorafenib and staurosporine as positive controls induced a significant increase in apoptosis in both cell lines compared to the vehicle control (0.2% DMSO). In HepG2 cells, stimulation with SKI II resulted in a significant reduction of apoptosis compared to the control ([Figure 3](#ijms-21-02409-f003){ref-type="fig"}A). Compared to sorafenib stimulation, the combination of sorafenib and FB1 or of sorafenib and SKI II resulted in reduced apoptosis ([Figure 3](#ijms-21-02409-f003){ref-type="fig"}A). None of the stimulations had an effect on the necrosis of HepG2 cells ([Figure 3](#ijms-21-02409-f003){ref-type="fig"}B). In the Huh7.5 cells, neither FB1 nor SKI II alone or in combination with sorafenib could affect the apoptosis of the stimulated cells ([Figure 3](#ijms-21-02409-f003){ref-type="fig"}C). As also shown in [Figure 3](#ijms-21-02409-f003){ref-type="fig"}D, in Huh7.5 cells, the combination of FB1 and sorafenib as well as of SKI II and sorafenib led to a significant increase in necrosis compared to the sole sorafenib stimulation.

2.3. Influence of Sorafenib, FB1, and SKI II on Levels of Bioactive Sphingolipids {#sec2dot3-ijms-21-02409}
---------------------------------------------------------------------------------

In order to investigate if there is a connection between the observed reduced proliferation ([Figure 1](#ijms-21-02409-f001){ref-type="fig"} and [Figure 2](#ijms-21-02409-f002){ref-type="fig"}), the induction of apoptosis ([Figure 3](#ijms-21-02409-f003){ref-type="fig"}A,C), and the alteration of the sphingolipid metabolism, we assessed concentrations of bioactive sphingolipid metabolites. Cells were pretreated with FB1 for 1 h before sorafenib or a vehicle were added. In both cell lines, sorafenib induced a strong increase in dihydroceramide concentrations, in particular, of Cer d18:0/18:0, Cer d18:0/24:0, and Cer d18:0/24:1 ([Figure 4](#ijms-21-02409-f004){ref-type="fig"} and [Figure 5](#ijms-21-02409-f005){ref-type="fig"}). Interestingly, the inhibitor of ceramide synthases, FB1, did not diminish dihydroceramide concentrations in both cell lines, except from Cer d18:0/16:0 in Huh7.5 cells. On the contrary, FB1 further increased sorafenib-induced elevations of Cer d18:0/16:0 and Cer d18:0/18:0 in HepG2 cells ([Figure 4](#ijms-21-02409-f004){ref-type="fig"}A--D). In Huh7.5 cells, FB1 had no significant influence on sorafenib-induced elevations of dihydroceramides ([Figure 4](#ijms-21-02409-f004){ref-type="fig"}E--H).

Furthermore, the influence of the SPHK inhibitors, SKI II, SLP, and SLM on sphingolipid metabolites was measured. Cells were pretreated with SKI II, SLP, or SLM for 2 h before sorafenib or vehicle were added. None of the inhibitors altered dihydroceramides levels in both cell lines when administered alone ([Figure 5](#ijms-21-02409-f005){ref-type="fig"}). Again, co-treatment with SLP and SLM did not alter sorafenib-induced increases in dihydroceramide levels in the two cell lines ([Table S1](#app1-ijms-21-02409){ref-type="app"}).

Interestingly, co-treatment of HepG2 cells with SKI II further elevated sorafenib-induced increase in the dihydroceramides, Cer d18:0/24:0 and Cer d18:0/24:1 ([Figure 5](#ijms-21-02409-f005){ref-type="fig"}C,D). In Huh7.5 cells, SKI II strongly augmented the effects of sorafenib on all measured dihydroceramides ([Figure 5](#ijms-21-02409-f005){ref-type="fig"}E--H).

The influence of the aforementioned treatments on concentrations of ceramides with a double bond (d18:1), sphingosine, and S1P are summarized in [Figure 6](#ijms-21-02409-f006){ref-type="fig"}, [Figure 7](#ijms-21-02409-f007){ref-type="fig"}, [Figure 8](#ijms-21-02409-f008){ref-type="fig"} and [Figure 9](#ijms-21-02409-f009){ref-type="fig"}. FB1 did not alter d18:1 ceramide levels in HepG2 cells. In contrast, FB1 significantly decreased all d18:1 ceramide concentrations except for Cer d18:1/24:0 in Huh7.5 cells ([Figure 6](#ijms-21-02409-f006){ref-type="fig"}). Interestingly, FB1 significantly increased S1P concentrations in both cell lines, suggesting that it had an inhibitory effect on the conversion of S1P via sphingosine to ceramides, which is in agreement with FB1's function as a ceramide synthase inhibitor ([Figure 7](#ijms-21-02409-f007){ref-type="fig"}). The inhibitors SLP and SLM did not have a significant effect on the ceramide levels of HepG2 and Huh7.5 cells, neither alone nor in combination with sorafenib ([Table S2](#app1-ijms-21-02409){ref-type="app"}).

2.4. Influence of NAC on the Formation of Dihydroceramides {#sec2dot4-ijms-21-02409}
----------------------------------------------------------

As shown in [Figure 4](#ijms-21-02409-f004){ref-type="fig"} and [Figure 5](#ijms-21-02409-f005){ref-type="fig"}, sorafenib stimulation resulted in an increase in dihydroceramides. Since sorafenib is known to regulate oxidative stress, we therefore intended to investigate to which extent these effects were caused by sorafenib-induced ROS (reactive oxygen species) production. The cells were pre-stimulated with different concentrations of the known antioxidant N-acetyl-cysteine (NAC) 1 h before 5 µM sorafenib was added for another 24 h.

As shown in [Figure 10](#ijms-21-02409-f010){ref-type="fig"}, the pretreatment of both cell lines with NAC was not able to affect significantly the concentrations of dihydroceramides.

3. Discussion {#sec3-ijms-21-02409}
=============

The sphingolipid pathway plays an important role in cell survival \[[@B4-ijms-21-02409]\], and sphingolipids appear as key metabolites in the regulation of hepatocellular homeostasis \[[@B28-ijms-21-02409]\]. The aim of this study was to explore whether sorafenib, the most frequently applied systemic HCC therapy to date, has an influence on sphingolipid metabolism. Furthermore, it was investigated whether modification of the sphingolipid pathway affects the proliferation and viability of HCC in vitro ([Figure 11](#ijms-21-02409-f011){ref-type="fig"}). In addition, the influence of sorafenib in combination with the specific SPHK inhibitors SLP and SLM was not investigated before. The present data demonstrate that stimulation of HCC cell lines with sorafenib induces an upregulation of dihydroceramides, yet the reduction of cell viability is mostly not attributed to the observed alterations of the sphingolipid pathway. Furthermore, stimulation with FB1 and especially SKI II was able to significantly downregulate the proliferation of HCC cell lines. Interestingly, this downregulation occurred without affecting the formation of dihydroceramides.

Previous studies demonstrated that sorafenib is able to modulate various metabolic pathways, particularly regarding sphingolipids. A combination of sorafenib with vorinostat induced a ceramide-dependent promotion of cell death associated with CD95 signaling in various tumor cell lines \[[@B20-ijms-21-02409]\] and an elevation of dihydroceramides was observed upstream of CD95 activation \[[@B19-ijms-21-02409]\]. However, both studies focused on co-stimulation while not investigating on treatment with sorafenib alone.

Since the sphingolipid pathway has already been shown to affect HCC pathophysiology \[[@B29-ijms-21-02409]\], we assumed that the stimulation of HCC cell lines with inhibitors of the sphingolipid pathway may regulate HCC proliferation *in vitro*. In the current study, the ceramide synthase inhibitor FB1, the specific SPHK1 inhibitor SLP7111228, the specific SPHK2 inhibitor SLM6031434, and SKI II, an inhibitor of both SPHKs, were used. There are several studies that have demonstrated that S1P is probably promoting the invasiveness and metastasis of HCC via the action of mainly SPHK1 \[[@B30-ijms-21-02409],[@B31-ijms-21-02409]\]. Furthermore, various studies have shown that an additional inhibition of SPHKs can support sorafenib treatment. This could be shown not only in HCC cell lines \[[@B15-ijms-21-02409]\], but also in cholangiocell carcinoma cell lines \[[@B32-ijms-21-02409]\], pancreatic adenocarcinoma (Bxpc-3), and renal carcinoma (A-498) cells \[[@B33-ijms-21-02409]\].

In the current study, we could show that FB1 and especially SKI II were able to reduce the proliferation of HepG2 and Huh7.5 cells more effectively than sorafenib ([Figure 1](#ijms-21-02409-f001){ref-type="fig"} and [Figure 2](#ijms-21-02409-f002){ref-type="fig"}). Therefore, we investigated whether these effects are due to an increased induction of apoptosis or necrosis. As shown in the current study, sorafenib is able to induce apoptosis in HepG2 cells as well as in Huh7.5 cells ([Figure 3](#ijms-21-02409-f003){ref-type="fig"}A,C). This is in line with the results of further studies \[[@B34-ijms-21-02409],[@B35-ijms-21-02409],[@B36-ijms-21-02409]\]. Interestingly, neither FB1 nor SKI II induced increased apoptosis or necrosis in both cell lines ([Figure 3](#ijms-21-02409-f003){ref-type="fig"}A--D). However, data from further studies have shown that FB1 is able to induce apoptosis in different cell lines. \[[@B37-ijms-21-02409]\] were able to prove this to IHKE cells (proximal tubule cells). Furthermore, it could be shown that the stimulation of SNO cells with 1.25 µM FB1 led to the induction of apoptosis \[[@B38-ijms-21-02409]\]. Stimulation with FB1 also led to increased apoptosis in Ges-1 cells \[[@B39-ijms-21-02409]\]. Moreover, SKI II was also shown to induce apoptosis in HL-60 and U937 cells \[[@B40-ijms-21-02409]\], in RNK-16 and NKL cells \[[@B41-ijms-21-02409]\], and in HeLa and SiHa cells as well \[[@B42-ijms-21-02409]\]. Since our current data are contradictory to the above-mentioned results, we assume that the induction of cell cycle arrest by FB1 and SKI II could resemble a possible explanation for the observed controversy. \[[@B43-ijms-21-02409]\] demonstrated that stimulation with 5 µM FB1 was already sufficient to induce cell cycle arrest in CV-1 cells. Furthermore, \[[@B44-ijms-21-02409]\] could show that the administration of FB1 in SD rats led to changes in the expression of genes associated with the cell cycle. Stimulation of the rat brain glioma cell line C6 with FB1 also led to cell cycle arrest. Interestingly, this was observed at concentrations that were not able to influence cell viability \[[@B45-ijms-21-02409]\]. In the current study, we observed both a reduction of proliferation ([Figure 1](#ijms-21-02409-f001){ref-type="fig"}) as well as of cell viability ([Figure S1](#app1-ijms-21-02409){ref-type="app"}), thus assuming that cell cycle arrest in HepG2 and Huh7.5 cells is possible. Other authors further implied that FB1 significantly influences the expression of cytochrome P450, which in turn influences important functional pathways of HCC in vitro \[[@B46-ijms-21-02409]\]. Yet, since FB1 is a mycotoxin with a well-known promoting role in HCC in vivo \[[@B23-ijms-21-02409]\], further data are needed in order to decipher its mechanistic role in HCC pathogenesis.

SKI II is also capable of inducing cell cycle arrest. Stimulation of SGC7901 cells with SKI II led to cell cycle arrest \[[@B47-ijms-21-02409]\]. It was also shown that SKI II is able to induce cell cycle arrest in A498 cells \[[@B48-ijms-21-02409]\]. Stimulation of HepG2 cells with 5 µM SKI II could additionally increase cell sensitivity to 5-fluorouracil and co-administration of 5-fluorouracil and SKI II led to a reduced expression of sirtuin-1, phosphorylated insulin-like growth factor 1 receptor β, and osteopontin \[[@B16-ijms-21-02409]\]. These proteins are known to affect cell growth, chemoresistance, metastasis, and invasion of cancer cells \[[@B49-ijms-21-02409],[@B50-ijms-21-02409],[@B51-ijms-21-02409],[@B52-ijms-21-02409],[@B53-ijms-21-02409]\]. Further studies showed a reduced ß-catenin expression, leading to a reduction of the proto-oncogenes c-Myc and cyclin D1 in HCC cells upon stimulation with SKI II \[[@B14-ijms-21-02409]\]. In this context, sphingolipid-independent effects of SKI II on HCC cell lines should also be considered in the interpretation of the significant downregulation of HCC proliferation upon stimulation with SKI II, as observed in our study ([Figure 1](#ijms-21-02409-f001){ref-type="fig"} and [Figure 2](#ijms-21-02409-f002){ref-type="fig"}).

However, sorafenib itself is also able to substantially affect the cell cycle. It could be shown that sorafenib had a different effect on the cell cycle of distinct tumor cell lines. It led to a cell cycle arrest in PC3, Hela, Calu6, and U205 cells, while it did not affect the cell cycle in Bax-/-HCT116, HT29, SKOV3, and H460 cells \[[@B54-ijms-21-02409]\]. Furthermore, it is possible that the effects of SKI II on proliferation observed by us in the current study were mainly independent from sphingolipids and merely induced by alternative pathways such as possibly due to the inhibition of sirtuin-1, phosphorylated insulin-like growth factor 1 receptor ß, and osteopontin, as described by \[[@B16-ijms-21-02409]\]. Certainly, further data are mandatory in order to decipher the underlying mechanism.

In this work, we demonstrate that sorafenib induces a significant accumulation of dihydroceramides ([Figure 4](#ijms-21-02409-f004){ref-type="fig"} and [Figure 5](#ijms-21-02409-f005){ref-type="fig"}). It is already known that sorafenib affects oxidative stress, as already mentioned. In particular, \[[@B55-ijms-21-02409]\] showed that the induction of oxidative stress is able to inhibit dihydroceramide desaturase, which in turn leads to increased dihydroceramide levels. In this work, we demonstrated a non-significant trend of NAC, reducing dihydroceramide accumulation in HepG2 cells. In Huh7.5 cells, stimulation with NAC does not seem to have any effect on dihydroceramide accumulation. Despite the fact that in our study, NAC did not express any significant effects in the levels of dihydroceramides, we assume that the investigation of further ROS-abrogators may unravel the association of dihydroceramide levels and oxidative stress. Regarding FB1, already published data show that FB1 is also capable of inducing oxidative stress. This has been already demonstrated in vitro \[[@B56-ijms-21-02409]\] as well as in vivo \[[@B57-ijms-21-02409]\]. \[[@B22-ijms-21-02409]\] could prove that FB1 promotes an antioxidative response via NrF2 in HepG2 cells. This could possibly explain why FB1 stimulation alone did not lead to the accumulation of dihydroceramides.

Furthermore, co-treatment of Huh7.5 cells with sorafenib and SLP, respectively SLM, led to a decrease in S1P such that the values could not be detected anymore by LC/MS-MS ([Table S3](#app1-ijms-21-02409){ref-type="app"}) while not affecting the proliferation of Huh 7.5 cells ([Figure 2](#ijms-21-02409-f002){ref-type="fig"}). This leads to the assumption that the aforementioned results \[[@B15-ijms-21-02409],[@B32-ijms-21-02409],[@B33-ijms-21-02409]\] may potentially not be caused by an effect on SPHK2. Furthermore, considering the limited effect of SLP and SLM on proliferation, also S1P appears not to be essential for the survival of the cells. However, we cannot exclude changes of S1P levels in specific cell compartments, since we only measured the S1P content in whole cells.

In addition, in our current results, we observed that the modification of the sphingolipid metabolism differs substantially within the investigated cell lines. This is in line with the well-known significant heterogeneity of HCC \[[@B58-ijms-21-02409]\]. A further study could show that the majority of HCC tissues shows a remarkable intratumoral heterogeneity \[[@B8-ijms-21-02409]\], which is postulated as a possible explanation for the variable responsiveness of patients to sorafenib treatment \[[@B59-ijms-21-02409]\]. Despite these limitations, according to our results, SKI II may constitute a promising novel compound in systemic HCC treatment strategies.

In summary, we could show that sorafenib exerts antiproliferative effects and enhances dihydroceramides levels in HCC *in vitro*. However, the inhibition of various enzymatic steps of the sphingolipid metabolism neither abrogated nor potentiated the effects of sorafenib. This implies that its antiproliferative effect is not associated to alterations in sphingolipid contents and involves further metabolic pathways. Additionally, the observed antiproliferative effects of FB1 and SKI II encourage further investigations on the role of these drugs in order to investigate their potential as novel HCC therapeutics.

4. Materials and Methods {#sec4-ijms-21-02409}
========================

4.1. Materials {#sec4dot1-ijms-21-02409}
--------------

Sorafenib was purchased from LC Laboratories (Woburn, MA, USA). SLP7111228 (SLP), SLM6031434 (SLM), SKI II, and staurosporine were purchased from Merck (Darmstadt, Germany). FB1 was purchased from Enzo Life Sciences (Farmingdale, NY, USA). All chemicals were dissolved in DMSO. N-Acetyl-L-cysteine was purchased from Sigma-Aldrich (Taufkirchen, Germany)

4.2. Cell Culture {#sec4dot2-ijms-21-02409}
-----------------

The human HCC cell lines Huh7.5 and HepG2 were cultured in DMEM GlutaMax medium (Dulbecco's Modified Eagle Medium, Life Technologies, Darmstadt, Germany) with 10% FCS (fetal calf serum, Biochrom AG, Berlin, Germany) and 1% Pen/Strep (Life Technologies, Darmstadt, Germany).

4.3. Proliferation Assay {#sec4dot3-ijms-21-02409}
------------------------

A total of 2 × 10^4^ Huh7.5 and HepG2 cells per well were placed in a 24-well plate in medium with 0.2 µCi/mL \[^3^H\] methyl-thymidine. The cells were stimulated as described for 24 h, 48 h, and 72 h. After completion of stimulation, the medium was removed, and the cells were washed twice with ice-cold PBS (Dulbecco´s Phosphate-buffered Saline, -Ca^2+^, -Mg^2+^, Life Technologies, Darmstadt, Germany). Subsequently, cells were incubated for 30 min with an ice-cold 5% (*w*/*v*) trichloroacetic acid (TCA) and washed twice with 5% TCA. To dissolve the DNA, cells were finally incubated with 1 M NaOH for 30 min at 37 °C and then transferred to a scintillation vial. The solution was neutralized by adding 250 µL glacial acetic acid. Finally, 3 mL of the scintillation mixture (Irgasafe Plus, PerkinElmer Inc, Waltham, MA, USA) was added. The radioactivity was measured with a β-counter (Tri Carb 2100 TR, GMI, Ramsey, USA).

4.4. DNA Fragmentation ELISA {#sec4dot4-ijms-21-02409}
----------------------------

First, 5 × 10^3^ Huh7.5 and respectively 3 × 10^3^ HepG2 cells were plated in a 96-well plate and stimulated in starvation medium as indicated for 24 h. The cells or the supernatant were directly taken for the detection of DNA fragmentation (Cell Death Detection ELISA PLUS, Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer's protocol.

4.5. Cell Viability {#sec4dot5-ijms-21-02409}
-------------------

First, 15 × 10^3^ and 20 × 10^3^ Huh7.5 and HepG2 cells per well were placed in a cell culture microplate, 96-well, PS, F-bottom, µClear^®^, black, CELLSTAR^®^ (Greiner Bio-One, Frickenhausen, Germany) and stimulated as described in 130 µl growth medium. After 24 h of stimulation, 20 µL AlamarBlue™ Cell Viability Reagent (Thermo Fisher Scientific, Hampton, NH, USA) was added to the cells and the medium controls. After 4 h of incubation, the fluorescence was measured at an absorbance of 540 nm and an emission of 590 nm in a microplate reader SpectraMax M5 (Molecular Devices, San Jose, CA, USA).

4.6. Liquid Chromatography Tandem Mass Spectrometry {#sec4dot6-ijms-21-02409}
---------------------------------------------------

Prior to stimulation, cells were starved for 24 h in DMEM + 0.1% BSA. After stimulation for the indicated time points, cells were subjected to LC-MS/MS.

The sphingolipids were quantified by the Institute of Clinical Pharmacology under the direction of Prof. Dr. med. Dr. rer.nat. Gerd Geißlinger using high-performance liquid chromatography tandem mass spectrometry (LC-MS/MS). All reference substances and internal standards were obtained from Avanti Polar Lipids, Alabaster, USA.

For the analysis of the sphingoid bases SPH d18:1, SPH d18:0; SPH d20:1, SPH d20:0, S1P d18:1, and S1P d18:0, 10^6^ cells were used. Cell pellets were resuspended with 200 µL extraction buffer (citric acid 30 mM, disodium hydrogen phosphate 40 mM) and spiked with 20 µL of the internal standard mixture (SPH d18:1-d7, SPH d18:0-d7, S1P d18:1-d7, and S1P d18:0-d7 in methanol).

Samples were mixed with 600 µl methanol:chloroform:HCl (15:83:2, *v*/*v*/*v*) and vortex-mixed for 60 s. After centrifugation (5 min, ca. 15,000 g), the lower organic phase was evaporated at 45 °C under a gentle stream of nitrogen and reconstituted in 100 µL methanol-formic acid (95:5, *v*/*v*). For the preparation of calibration standards and quality control samples, 20 µL of a working solution were processed as stated instead of the cell pellet. Quality control samples of three different concentration levels (low, middle, high) were run as the initial and final samples of each run.

An Agilent 1290 Infinity UHPLC system equipped with a Zorbax Eclipse Plus C8 UHPLC column (30 mm × 2.1 mm ID, 1.8 μm, 100 Å; Agilent Technologies, Waldbronn, Germany) was used for chromatographic separation. The HPLC mobile phases were water:formic acid (99.5:0.5, *v*/*v*) (A) and acetonitrile:isopropyl alcohol:acetone:formic acid (50:30:19:1, *v*/*v*/*v*/*v*) (B). The initial buffer composition of 55% (A)/45% (B) was held for 30 s, and then within 1 min, it linearly changed to 0% (A)/100% (B). After holding 100% (B) for 1.5 min, the composition was linearly changed within 6 s to 55% (A)/45% (B), and the column was re-equilibrated with the initial conditions. The running time for every sample (injection volume of 5 μL) was 4.5 min. After every sample injection, a methanol sample was run to avoid carry-over effects.

The MS/MS analyses were performed using a triple quadrupole mass spectrometer QTRAP5500 (Sciex, Darmstadt, Germany) equipped with a Turbo-V-source operating in positive electrospray ionization (ESI) mode. The analysis was done in Multiple Reaction Monitoring (MRM) mode, recording two precursor-to-product ion transitions per analyte, each with a dwell time of 20 ms. Data acquisition was done using Analyst Software V 1.6.3, and quantification was performed with MultiQuant Software V 3.0.2 (both Sciex, Darmstadt, Germany), employing the internal standard method (isotope dilution mass spectrometry). Variations in accuracy were less than 15% over the whole range of calibration, except for the lower limit of quantification, where a variation in accuracy of 20% was accepted.

The analysis of sphingoid bases and ceramides was performed as described previously \[[@B60-ijms-21-02409]\]. In brief, cell pellets of 10^5^ cells were resuspended with 200 µL of extraction buffer (citric acid 30 mM, disodium hydrogen phosphate 40 mM) and spiked with 20 µL of the internal standard before liquid--liquid extraction. After evaporation at 45 °C under a gentle stream of nitrogen, samples were reconstituted in 100 µl tetrahydrofuran/water 9:1 (*v*/*v*) with 0.2% formic acid and 10 mM ammonium formate.

For chromatographic separation, an Agilent 1290 Infinity UHPLC system equipped with a Zorbax Eclipse Plus C18 UHPLC column (50 mm × 2.1 mm ID, 1.8 μm, 100 Å; Agilent Technologies, Waldbronn, Germany) was used. The mobile phases used for the gradient separation of the analytes were water with 0.2% formic acid and 10 mM ammonium formate (A) and acetonitrile:isopropyl alcohol:acetone:formic acid (50:30:19.8:0.2, *v*/*v*/*v*/*v*) (B).

MS/MS analysis and data acquisition were performed as described previously \[[@B60-ijms-21-02409]\] and as stated above.

4.7. Statistical Analysis {#sec4dot7-ijms-21-02409}
-------------------------

The unpaired t-test was used for the statistical analysis of two groups. One-way analysis of variance with subsequent Bonferroni post hoc analysis was used for the comparison of more than two groups. A one-sample t-test was performed after previous normalization. The data are expressed as means ± SEM. All statistics were evaluated with the program GraphPad Prism (version 5; GraphPad Software, San Diego, CA, USA).
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![Influence of sorafenib, fumonisin B1 (FB1), and sphingosine kinase (SPHK) inhibitors on the proliferation of HepG2 cells. Cell proliferation was analyzed by measuring the incorporation of radioactively labeled thymidine. The cells were pretreated with 25 µM of FB1 for 1 h, or with 10 µM SKI II, 1 µM SLP, or 1 µM SLM for 2 h. Then, vehicle (control; 0.2 % DMSO) or 5 µM sorafenib (soraf) were added for the indicated periods of time. All data are derived from three independent experiments performed in triplicate, which comprised all conditions; FB1 was included in two of these experiments. The dashed lines repeatedly indicate vehicle control or sorafenib as shown in the upper left panel. The values are means ± SEM and expressed relative to vehicle control at 24 h. \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001 compared to control; ^\#\#^ *p* \< 0.01, ^\#\#\#^ *p* \< 0.001 compared to sorafenib in two-way ANOVA (*n* = 2 for FB1 and *n* = 3 for SK I II, selective SPHK2 inhibitor SLM6031434 (SLM), and SPHK1 inhibitor SLP7111228 (SLP)).](ijms-21-02409-g001){#ijms-21-02409-f001}

![Influence of sorafenib, FB1, and SPHK inhibitors on the proliferation of Huh7.5 cells. Cell proliferation was analyzed by measuring the incorporation of radioactively labeled thymidine. The cells were pretreated with 25 µM FB1 for 1 h, or with 10 µM SKI II, 1 µM SLP, or 1 µM SLM for 2 h. Then, vehicle (control; 0.2 % DMSO) or 5 µM sorafenib (soraf) were added for the indicated periods of time. All data are derived from three independent experiments performed in triplicate, which comprised all conditions; FB1 was included in two of these experiments. The dashed lines repeatedly indicate vehicle control or sorafenib as shown in the upper left panel. The values are means ± SEM and expressed relative to vehicle control at 24 h. \*\*\* *p* \< 0.001 compared to control; ^\#\#^ *p* \< 0.01 compared to sorafenib in Two-way ANOVA.](ijms-21-02409-g002){#ijms-21-02409-f002}

![Influence of sorafenib, FB1, and S*KI II* on the apoptosis and necrosis of HepG2 and Huh7.5 cells. Apoptosis and necrosis were analyzed by measuring DNA fragmentation of the cytoplasmic fraction or in the supernatant. The cells (HepG2 in (**A**) and (**B**) and Huh 7.5 in (**C**) and (**D**)) were pretreated with 25 µM FB1 for 1 h, or with 10 µM SKI II for 2 h. Then, vehicle (control; 0.2% DMSO) or 5 µM sorafenib (soraf) were added for the indicated periods of time. Staurosporine (stauro) was used as a positive control. All data are derived from three independent experiments performed in triplicate. The values are means ± SEM and expressed relative to vehicle control at 24 h. \*\* *p* \< 0.01, \*\*\* *p* \< 0.001 compared to control; ^\#^ *p* \< 0.05, ^\#\#^ *p* \< 0.01, ^\#\#\#^ *p* \< 0.001 compared to sorafenib in a one-way analysis of variance with subsequent Bonferroni test. (*n* = 3 for all conditions).](ijms-21-02409-g003){#ijms-21-02409-f003}

![Influence of sorafenib and FB1 on concentrations of dihydroceramides in HepG2 and Huh7.5 cells. The lipids were measured by LC-MS/MS. The cells (HepG2 in (**A**)--(**D**) and Huh7.5 in (**E**)--(**H**)) were treated with or without 25 µM FB1 for 1 h before addition of vehicle (control; 0.2% DMSO) or 5 µM sorafenib and further incubation for 24 h. All results are presented as the means ± SEM of 3--6 independent experiments. \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001 compared to control; ^\#^ *p* \< 0.05, ^\#\#^ *p* \< 0.01, ^\#\#\#^ *p* \< 0.001 compared to sorafenib in one-way ANOVA followed by Bonferroni post-tests.](ijms-21-02409-g004){#ijms-21-02409-f004}

![Influence of sorafenib and SKI II inhibitors on concentrations of dihydroceramides in HepG2 and Huh7.5 cells. The lipids were measured by LC-MS/MS. The cells (HepG2 in (**A**)--(**D**) and Huh7.5 in (**E**)--(**H**)) were treated with or without 10 µM SKI II for 2 h before the addition of vehicle (control; 0.2% DMSO) or 5 µM sorafenib and further incubation for 24 h. All results are presented as means ± SEM of three independent experiments. \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001 compared to control; ^\#\#^ *p* \< 0.01, ^\#\#\#^ *p* \< 0.001 compared to sorafenib in one-way ANOVA followed by Bonferroni post-tests.](ijms-21-02409-g005){#ijms-21-02409-f005}

![Influence of sorafenib and FB1 on concentrations of d18:1 ceramides in HepG2 and Huh7.5 cells. The lipids were measured by LC-MS/MS. The cells (HepG2 in (**A**)--(**D**) and Huh7.5 in (**E**)--(**H**)) were treated with or without 25 µM FB1 for 1 h before the addition of vehicle (control; 0.2% DMSO) or 5 µM sorafenib and further incubation for 24 h. All results are presented as means ± SEM of 3--6 independent experiments. \* *p* \< 0.05, \*\* *p* \< 0.01 compared to control in one-way ANOVA followed by Bonferroni post-tests.](ijms-21-02409-g006){#ijms-21-02409-f006}

![Influence of sorafenib and FB1 on concentrations of S1P and sphingosine in HepG2 and Huh7.5 cells. The lipids were measured by LC-MS/MS. The cells (HepG2 in (**A**)--(**D**) and Huh7.5 in (**E**)--(**H**)) were treated with or without 10 µM SKI II for 2 h before the addition of vehicle (control; 0.2% DMSO) or 5 µM sorafenib and further incubation for 24 h. All results are presented as means ± SEM of three independent experiments. \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* p\< 0.001 compared to control in one-way ANOVA followed by Bonferroni post-tests. For SPH d18:0 in Huh7.5 cells treated with FB1, only one experiment could be evaluated.](ijms-21-02409-g007){#ijms-21-02409-f007}

![Influence of sorafenib and SKI II on concentrations of d18:1 ceramides in HepG2 and Huh7.5 cells. The lipids were measured by LC-MS/MS. The cells (HepG2 in (**A**)--(**D**) and Huh7.5 in (**E**)--(**H**)) were treated with or without 25 µM FB1 for 1 h before the addition of vehicle (control; 0.2% DMSO) or 5 µM sorafenib and further incubation for 24 h. All results are presented as means ± SEM of 3--6 independent experiments. \* *p* \< 0.05 compared to control; ^\#^ *p* \< 0.05 compared to sorafenib in one-way ANOVA followed by Bonferroni post-tests.](ijms-21-02409-g008){#ijms-21-02409-f008}

![Influence of sorafenib and SKI II on concentrations of S1P and sphingosine in HepG2 and Huh7.5 cells. The lipids were measured by LC-MS/MS. The cells (HepG2 in (**A**)--(**D**) and Huh7.5 in (**E**)--(**H**)) were treated with or without 10 µM SKI II for 2 h before the addition of vehicle (control; 0.2% DMSO) or 5 µM sorafenib and further incubation for 24 h. All results are presented as means ± SEM of three independent experiments.](ijms-21-02409-g009){#ijms-21-02409-f009}

![Influence of N-acetyl-cysteine (NAC) on sorafenib-mediated dihydroceramide accumulation of HepG2 and Huh7.5 cells. The lipids were measured by LC-MS/MS. The cells (HepG2 in (**A**)--(**D**) and Huh7.5 in (**E**)--(**H**)) were treated with 10 mM, 1 mM, or 0.1 mM of NAC for 1 h. Data are derived from 1--2 independent experiments performed in triplicate. For d18:0/16:0 in HepG2 cells treated with sorafenib, 10 mM + sorafenib, 0.1 mM + sorafenib. For d18:0/16:0 in Huh7.5 cells treated with 10 mM + sorafenib and d18:0/18:0 treated 10 mM + sorafenib, only one experiment could be evaluated.](ijms-21-02409-g010){#ijms-21-02409-f010}

![Simplified overview of the target enzymes affected by the inhibitors used.](ijms-21-02409-g011){#ijms-21-02409-f011}
